Introduction
Aldose reductase (AR2) is a 37 kDa protein found in human erythrocytes and lenses of various species (see refs. [l-31 for reviews). It has been suggested that the protein is one of the NADPH-dependent monomeric aldehyde reductases present in many mammalian tissues [4] , although the proteins from this 'family' do not cross-react immunochemically [5, 6] . AR2 is therefore not identical with the other reductases that have been purified and characterized from brain, liver and kidney from various species (see, e.g., [1, 2] ). Many of these preparations have been purified to apparent homogeneity, but whereas their steady-state kinetic properties have often been examined in detail, their rate enhancements, k,,,/K,, values and stoichiometry have been less well studied or ignored.
It is clear that the protein isolated as AR2 from the lens is capable of binding NADPH, and that histidine and arginine residues located at or near nucleotide-binding sites may be important in the binding or orientation of the reduced nucleotide [7] . Removal of the proton from the NADPH does appear to be stereospecific for the 'A' side [8] .
While there is no doubt as to the function of AR2 as an NADPH-binding protein, there must be doubt about its catalytic role within the cell. The three major characteristics of an enzyme reaction are its rate enhancement, its stereospecificity and its susceptibility to control. AR2 is remarkably deficient in all these areas.
A measure of the 'catalytic power' of an enzyme is the k,,JKm value. This is the lower limit of the rate constant for the association of enzyme and substrate, the apparent second-order rate constant that refers to the properties and reactions of the free enzyme and free substrate. The values for AR2 are nearly 109-fold lower than the diffusion-controlled encounter frequency, and about 105-fold lower than those for lens aldehyde dehydrogenase. The substrate specificity shows a lack of stereospecificity with regard to some monosaccharides [9] . D-and Abbreviation used: A N , aldose reductase.
[,-forms of arabinose and glucose show almost identical relative velocities as judged by the oxidation of NADPH. AR2 shows very poor rate enhancement.
We still await the clear quantitative stoichiometric demonstration, under physiological conditions, without preincubation with substrate [lo], of sorbitol production from glucose as NADPH is oxidized to NADP' by homogeneous lens AR2. This relationship should be proportional to the amount of homogeneous AR2, and should not occur in the presence of other NADPHbinding proteins. Until these demonstrations have been made beyond all reasonable doubt, the coupling of polyol formation to NADPH oxidation by a single enzyme in the lens must remain in doubt. Although some formation of xylitol has been demonstrated, this has been heavily criticized [11, 12] . 'Fresh' wglucose has been found to be a poor substrate, and only after 3-4 days 'incubation' was a small amount of sorbitol production from glucose demonstrated by partially purified human erythrocyte AR2 [lo] . This may have been produced from a contaminant.
In spite of all these doubts, a partial amino acid sequence of the protein has been determined, and used to isolate cDNA clones to provide a complete sequence. This showed 50% identity to both frog lens p-crystallin and human liver aldehyde reductase [13, 14] . There is also sequence similarity between the protein and another NADPH-binding protein, prostaglandin F synthetase [13] . T h e frog lens contains very low levels of AR2 activity, so p-crystallin may be inactive. A number of 'structural' proteins in the lens have sequences that show partial or complete similarity to those of enzymes, and it may be that enzymes were adapted during evolution of the lens to produce proteins with a greater 'structural' importance. This adaptation may have caused in some cases a lowering or loss of the original activity. T h e production of sorbitol from glucose by AR2 has no survival value that we know of. Aldehyde reductase may have become modified to form lens 'aldose reductase' so that it retained its NADPH-binding capacity, but almost lost its aldehyde-reducing activity. It is of interest that many proteins 'recruited' into Volume 24 the lens as crystallins are themselves proteins that bind reduced nucleotides.
T h e X-ray structure of the protein has now been determined [16] ; this has confirmed the NADPH binding by the protein. While X-ray studies have now pinpointed the binding site of NADPH on AR2, it is clear that there is no known glucose-binding site on the protein [16] . The 'active site' is at the bottom of a deep and extremely hydrophobic pit that makes it unlikely to bind glucose or other sugars. This makes it clear that AR2 is not a classical reductase for aldoses. For all its similarity to aldehyde reductases, AR2 fails to cross-react immunochemically with other established mammalian aldehyde reductases [S] . The X-ray structure explains why there has never been a clear quantitative stoichiometric demonstration, under physiological conditions, without preincubation of substrate, of sorbitol production from glucose as NADPH is oxidized to NADP' by homogeneous AR2. This relationship would normally be proportional to AR2 concentration, and should not occur in the presence of other NADPH-binding proteins.
The implication that identification of the His residue involved in hydride transfer by AR2 helps to solve the catalytic mechanism of the enz-yme [ 171 and will aid in the design of enzyme inhibitors to act as drugs in the treatment of diabetic complications is oversimplified. Evidence now points to a much more complex and subtle route to the complications of diabetes; and by discarding a classical 'enzyme catalytic' view of sorbitol production, we can begin to see how novel interactions involving metal ions, cofactors and proteins can be used by the cell [ 181.
The accumulation of sorbitol and xylitol in diabetic lenses has been attributed to the activity of the protein known as AR2 [19] . However, as mentioned above, there are a number of serious criticisms of the role of that protein both as an enzyme in the classical sense and as an agent in the aetiology of diabetic complications in humans.
Many metabolites, including thiols, leucoflavins and hydroquinones, are susceptible to autoxidation. Hydrogen peroxide is produced by the autoxidation of the ene-diols ascorbate and dihydroxyfumarate via superoxide, hydroxyl and free-radical intermediates [20] . Monosaccharides which have been cited as substrates of AR2 undergo similar autoxidative processes to yield free radicals [21] . The formation of an ene-diol -(OH)=C(OH)-is a prerequisite to autoxidation [22] . The ene-diol intermediate autoxidizes rapidly to form hydrogen peroxide and an a-ketoaldehyde via hydroxyl, superoxide and carboncentred free radicals [21-23a] . Since AR2 is normally assayed by the co-incubation of tissue homogenates or pure protein with monosaccharides (usually ri,L-glyceraldehyde, which autoxidizes rapidly) and NADPH, it was reasonable to hypothesize that free-radical-mediated oxidation was involved in the formation of NADP' from NADPH. Peroxyl and other free radicals are known for their ability to oxidize reduced nucleotides, particularly in the presence of nucleotidebinding enzyme [24] .
It was observed that NADPH-oxidizing activity was not linked stoichiometrically to polyol production using either homogenates or purified proteins [25, 26] . It was then shown that the steady-state properties of AR2 could be reproduced in vitro without any protein, owing to autoxidation-derived species causing oxidation of the NADPH [21, 25, 26] . Cytochrome c reduction and NADPH oxidation showed parallel temperature activation curves [27] . The level of catalytic rate enhancement -the k,,,/K,, value -for glucose with AR2 was about 109-fold lower than the diffusion-controlled encounter frequency [27, 28] , and rate enhancements by homogeneous AR2 were not significantly higher than with other NADPH-binding proteins, glutathione reductase, isocitrate dehydrogenase and glucose-6-phosphate dehydrogenase [25-271. The concentration-dependence and pH behaviour with glutathione reductase was identical with that with AR2 [27] and addition of superoxide dismutase caused the almost total inhibition of NADPH oxidation with both homogeneous and crude preparations of lens and erythrocyte AR2 [25, 26, 29] .
It was observed using a specific HPLC technique [30,3 13 that NADPH-oxidizing activity was not linked to pol yo1 production using homogenates or purified enzymes [25, 26] .
Thus we can see that any assay for AR2 based on the oxidation of NADPH in the presence of autoxidizing monosaccharides is invalid, and that tissue AR2 measurements based on this method are also invalid, and should be reassessed using direct measurement of sorbitol production.
Whatever the behaviour of AR2, many studies have shown that sorbitol production is not an initiating aetiological factor in the development of diabetic complications in humans (see e.g. [ 12, 291) . Vitamin E (a-tocopherol), other antioxidants and high-fat diets can delay or prevent cataract formation in diabetic animals even though sorbitol and fructose levels are not modified [32, 33] . Protein post-translational modification by glycoxidation or other events is probably the key factor in the aetiology of diabetic complications (see e.g. [ 121).
It had also been suggested that AR2 produces xylitol from xylose [34] although again this was non-stoichiometric [ l l ] . There is now no need to invoke AR2 in xylitol biosynthesis. Xylitol can be produced in the lens from glucose, via a pathway involving the enzymes myo-inositoloxygen oxidoreductase, u-glucuronate reductase, I.-gulonate-NAD' 3-oxidoreductase and I,-iditol-NAD' 5-oxidoreductase, all of which have recently been found in bovine and rat lens [ 3 5,361 .
Inhibitors of sorbitol production -so-called AR2 inhibitors -have a number of actions in the cell which are not specific and which do not involve them binding to AR2. These include metal ion chelation and peroxy-radical scavenging [27, 37, 40] . T h e copper chelator o-phenanthroline can abolish production of sorbitol in incubations of rat lens homogenate with glucose [40] .
Taken together, these results suggest that AR2 is a vestigial NADPH-binding protein, perhaps similar in function to a number of nonmammalian crystallins (e.g. frog p-crystallin) which have been recruited into the lens. Transgenic experiments show that when mouse lens is able to express far greater levels of AR2 than would produce cataract in a rat, cataract formation results [38] , suggesting that intefering with the NADPH binding and flux levels -possibly involving free radicals and metal ions as Bielski and Chan [24] and others have suggested -has a deleterious effect. It is possible that the protein is involved in the conversion of G T P into tetrahydrobiopterin [39] and so in novel cell redox reactions. We have yet to determine whether AR2 is the 'black sheep' of the aldehyde reductase family, or whether it is a skeleton in the cupboard, waiting to be clothed in the flesh of new revelations about the interactions between proteins, metal ions and redox metabolites.
